Infrarenal heterotopic cardiac isografts maintain structural and functional integrity. We have used this transplantation model to further explore the mechanisms of thyroid hormone-induced cardiac hypertrophy. Thyroid hormone administration, 1-thyroxine (T4) 10 Mg/animal per d, led to a significant 30% increase in total heart weight and a 40% increase in the myosin content of the in situ heart when compared with control. In contrast, T4 treatment was without effect on the heart weight, protein content, rate of protein synthesis, or calculated myosin content of the heterotopic, nonworking heart. Heterotopic hearts demonstrated a significant decrease in the percentage of the VI myosin isoenzyme from 95% to 61%. This shift occurred in euthyroid animals but was prevented by T4 treatment. These results suggest that thyroxine-induced cardiac hypertrophy is mediated indirectly via changes in cardiac work. Myosin isoenzyme expression can be altered by changes in work load but is still responsive to increased levels of thyroid hormone.
Introduction
Both naturally occurring and experimental hyperthyroidism are associated with predictable changes on the heart and cardiovascular system (1) (2) (3) . Previous studies have shown that administration of excess thyroid hormone leads to increased synthesis of RNA, increased protein synthesis, and the development of cardiac hypertrophy (4, 5) . These changes in the myocardial protein synthesis occur in association with an increased heart rate, cardiac output, increased myocardial contractility, and the development of cardiac hypertrophy (1, 3, 6) . Thus the hyperthyroid heart performs increased work, a stress similar to that shown by others to produce cardiac hypertrophy (6, 7) .
Thyroid hormone exerts its biologic activity by binding to discrete nuclear receptors, with the subsequent alteration in the rate of RNA transcription leading to the synthesis of specific proteins (8) . One of these proteins is the membrane enzyme Na+/K+ ATPase which is present in the plasma membrane of the myocardium (9) . Previous studies have suggested that increases in cardiac protein synthesis and cardiac contractility can be a result of a direct effect of thyroid hormone on the heart (10, 11) .
To further investigate the mechanism of thyroid hormonemediated cardiac hypertrophy, we have employed a model in Receivedfor publication 18 November 1985. which a heterotopically transplanted heart coexists with the recipient's in situ working heart. We compared the effects ofthyroid hormone on total heart weight, total heart protein, protein synthesis, myosin content, and the expression of myosin isoenzymes in both the in situ as well as the heterotopically transplanted heart. The ability to maintain nonworking vascularly perfused transplanted heart tissue for prolonged periods of time in vivo ( 12) permits the dissociation of the direct effects of thyroid hormone on the myocardium from those mediated indirectly by increases in cardiac work.
Methods
Thyroxine (T4),' histidine, and ATP (disodium salt, vanadium free) were purchased from Sigma Chemical Co., St. Louis, MO Ono and Lindsey (12) . This is accomplished by anastamosis of the end ofthe donor heart aorta to the side ofthe recipient abdominal aorta. Next, the donor pulmonary artery is connected to the inferior vena cava ofthe recipient animal to return myocardial blood flow. The left ventricle (LV) is unloaded and does no external work. The animals were divided into two groups, and 24 h after completion ofthe surgery, group I received daily subcutaneous injections with 0.1 ml of sterile phosphate-buffered saline (PBS) (50 mM Na2 HPO4, pH 7.4) and group II received subcutaneous injections of 10 ug T4 in 0.1 ml PBS. Animals were weighed daily and after 14 d of treatment both in situ and grafted heart rates were determined in four animals from each group by appropriate electrocardiogram lead placement. The animals were sacrificed and aliquots of blood from each rat were taken for determination of serum T4 and triiodothyronine (T3) levels by radioimmunoassay. Whole hearts were removed, rinsed in cold PBS, blot dried, and weighed after removal of the atria and remaining great vessels and connective tissue. LVs, including the intraventricular septum, were isolated and also weighed. Precisely weighed pieces were taken from each ventricle for myosin ATPase assay, myosin isoenzyme analysis, and total protein determination.
Myosin extraction and myosin A TPase assay. A 100-mg portion of LV was homogenized in 7 ml of a buffer containing 40 mM NaCl and 3 mM Na2 HPO4 at pH 7.0 in a Potter-Elvehjem homogenizer (Kontes Co., Vineland, NJ) and centrifuged at 800 g for 10 min. The pellet was washed once in an equal volume ofthe same buffer, and then resuspended in 3 ml of a myosin extraction buffer containing 100 mM Na4 P207, 5 mM EGTA, 5 mM dithiothreitol, 5 mM ATP, 5 mM MgCl2, and 5 Ug/ ml leupeptin at pH 8.6. The homogenate was extracted at 3°C for 1 h and then centrifuged at 100,000 g for I h. After removing an aliquot for isoenzyme analysis, the supernatant was dialyzed overnight at 3°C against 1. Abbreviations used in this paper: bpm, beats per minute; LV(s), left ventricle(s); P, protein; Pi, inorganic phosphate; T3, triiodothyronine; T4, I-thyronine. a buffer containing 0.5 M KCI, 0.5 mM cysteine (pH 7.0) as previously described (13) .
Myosin ATPase activity was assayed in 1 ml ofan incubation medium containing 0.5 M KC1, 5 mM NaN3, 10 mM CaCl2, 1 mM ATP, 100 mM glycine at pH 9.1, and 50-100 ,ug of extract protein. The reaction was performed at 25°C for 5 min and terminated by adding an equal volume of 10% TCA (wt/vol). After centrifugation at 1,000 gfor 10 min, aliquots ofthe supernatant were assayed for liberated inorganic phosphate (Pi) (13) . Enzyme assays were performed in duplicate with the final change ofdialysis buffer used as the reaction blank. Under standard conditions the assay was linear for up to 20 min and <10% ofthe substrate was hydrolyzed during the 5-min incubation.
Protein determination. To quantitate the total protein content of each rat heart, a portion of left ventricular myocardium was removed and precisely weighed. The tissue was homogenized in a fixed volume of NaOH (1 N) and protein was determined according to the method of Lowry et al. (14) . (15) . Electrophoresis was performed using polyacrylamide at a final concentration of 4% (wt/vol) with 0.12% (wt/vol) bis-acrylamide as previously described (13) . The gels were developed for 18 h at a constant voltage of 100 V in a recirculated buffer containing Na4P207 20 mM, glycerol 10% (vol/vol) at pH 8.8.
The gels were fixed with TCA 10% (wt/vol), methanol 50% (vol/vol) for 4 h and then stained for 3 h with Coomassie Blue (R-250) 0.03% (wt/vol) in isopropanol 25% (wt/vol), and acetic acid 10% (vol/vol). The gels were destained with acetic acid 7% (vol/vol) and methanol 20% (vol/vol). Individual isoenzyme band heights were quantitated by densiometric scanning at a wavelength of 550 nM with a model 260 spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, OH) equipped with a linear gel scanner. Equal amounts ofextract protein are routinely applied to each gel.
Myosin quantitation. Myocardial myosin content was determined based upon the measured specific activity ofmyosin ATPase, the quantity of total protein in the myosin extracts, and the previously determined specific activities for homogeneously purified myosin ofknown isoenzyme content (13, 16 isoenzyme distribution in the formula = (% V1 X 12.8 MM Pi/mg P) + (% V2 X 6.0,uM Pi/mg P) + (% V3 X 1.2MM Pi/mg P). The percentage of myosin isoenzymes is derived from the scan of nondenaturing gels.
The specific activities for isomyosin VI and V3 were measured from homogeneous rat ventricular myosin samples purified in our laboratory (13, 17) and for V2 from the data of Dillmann (16 (18) . Data are expressed as the mean±SEM.
Results
Maintenance of functional integrity and structure of the syngeneic heterotopic transplanted heart for periods of up to 6 mo has been previously documented (12, 19) . In our laboratory, histologic evidence of structural integrity includes normal fiber structure and striations, maintenance of cell-cell contact, and lack of cellular necrosis at the light microscopic level. Functional integrity was demonstrated by the maintenance of a spontaneous sinus heart rate >200 beats per minute (bpm) and the maintenance ofa constant duration ventricular complex (rate corrected) measured on the electrocardiogram (19) .
In the Lewis strain of rats, the adult heart weight (both ventricles after removal of atria and great vessels)/body weight ratio was determined to be 2.60±0.13 X 10-3. Thus, at the time of transplantation, the calculated heart weights (based on the animals' body weights) for both donor and recipient hearts were 376±10 mg. In control animals the in situ heart increased in weight by 54% to 582±18 mg over a 2-wk period, while the nonworking, heterotopic heart decreased in size by 23% to 293±8 mg (Table I) .
At the time ofsacrifice, measurements oftotal heart protein, total left ventricular protein, and total myosin content were all significantly decreased in the transplanted heart when compared with the in situ heart. Thus, the heterotopic heart demonstrated a significant degree of atrophy; this involved all components of cardiac size and protein content measured. Direct measurements of heart rate just before sacrifice showed a significant decline in the spontaneous rate of the denervated heterotopic heart when compared with the working heart (Table II) . The measurement of myosin ATPase specific activity was significantly lower in the transplanted heart. This fall in enzyme activity was associated with a shift in the myosin isoenzyme distribution from V1 to an increase in V2 and V3 as demonstrated in Table I and Fig. 1 Data are mean±SEM. * = Greater than IA, P < 0.05, and IB, IIB, P < 0.01. 1: = Greater than IB, TIB, P < 0.05. § = Greater than IB, P < 0.01. hypertrophy in the in situ working heart as recorded in Table I and Fig. 2 . Total heart weight, total heart protein, LV weight, and LV protein were significantly increased in response to T4 treatment as compared with control. In contrast, T4 treatment was without effect on any of the parameters of cardiac size or cardiac protein content of the heterotopic nonworking heart.
Thyroid hormone administration was associated with an increase in heart rate from 398±25 to 465±15 bpm when in situ hearts were compared. It is of note that the measured spontaneous heart rate of the denervated heterotopic heart in the T4-treated animals was significantly greater than its counterpart in control animals, and not significantly less than that recorded for the control innervated in situ heart.
Measurements of myosin ATPase in extracts of left ventricular myocardium were not significantly different in either group of in situ hearts. However, there was a significant fall in the specific activity for the myosin ATPase activity measured in the control heterotopic heart which was not observed in the thyroid hormone-treated heterotopic myocardium (Table I) (Fig. 1) . Based upon measurements of (a) myosin ATPase specific activity, (b) extract protein, and (c) myosin isoenzyme distribution it was possible to calculate the total heart and left ventricular myosin contents. Table I lists the myosin content for the four groups of animals. The myosin content ofthe T4-treated in situ hearts was greater than the in situ control, which in turn was significantly greater than the content of either group of heterotopic hearts. There was no difference in the myosin content between the two groups of transplanted hearts. These changes in myosin content were similar to the differences recorded for total heart and LV protein.
Measurements of total protein synthesis as reflected by the incorporation of [3H]lysine into TCA precipitable protein are listed in Table II . The data are expressed as counts per minute per total heart. Transplanted hearts in control animals had significantly lower [3H]lysine incorporation when compared with the in situ heart. This rate of incorporation did not increase in the heterotopic myocardium in response to T4 treatment, in contrast to that observed for the in situ working heart.
Discussion
Thyroid hormone could promote the development of cardiac hypertrophy either by a direct effect on the rate of myocardial protein synthesis or indirectly through changes in cardiac work. The model of the syngeneic heterotopically transplanted heart is conducive to separating these two possibilities. Cardiac transplantation into the abdominal cavity as previously described ( 12) , allows for the maintenance of a vascularly perfused, spontaneously beating, essentially nonworking heart exposed to the same hormonal mileau as the in situ heart. Transplanted hearts of this type can be maintained with spontaneous rates of con-traction in a viable state for extended periods of time (12, 19) . We postulated that if T4 directly effects the quantity of myocardial protein synthesis then the transplanted heart should hypertrophy like the in situ heart in experimental hyperthyroidism. If, in contrast, T4 stimulates heart growth through changes in cardiovascular hemodynamics, then the in situ, but not the transplanted, heart should be so affected. The results of the present studies clearly show that, as in previous reports, thyroid hormone causes a marked increase in the heart weight and protein content ofthe in situ working heart (5) . In contrast, thyroid hormone treatment did not increase the heart weight, left ventricular weight, total heart protein, or left ventricular protein in the hejerotopically transplanted nonworking heart. Measurements ofprotein synthesis were unaltered by thyroid hormone treatment at doses sufficient to increase both serum levels of T4 and T3. These results strongly support the concept that thyroxine-induced cardiac hypertrophy is mediated by changes in cardiac output and cardiac work. This data is similar to that obtained in myocyte cell culture (17) , in vivo in rats treated simultaneously with T4 and propranolol (Klein, I ., manuscript submitted for publication), and in cats with differential cardiac muscle loading (20) , and supports the concept that cardiac work per se is an important mediator of myocardial protein synthesis (6, 7, 17) .
In the heterotopic heart removed from control euthyroid rats we have demonstrated a shift in myosin isoenzyme distribution and a simultaneous decrease in the specific activity of myosin ATPase. This observation is an additional confirmation ofa myosin isoenzyme shift that occurs independently ofchanges in serum levels of thyroid hormone (16) . The ability of excess thyroid hormone to reestablish the VI myosin isoenzyme distribution to levels observed in control adult hearts suggests a direct role for thyroid hormone, perhaps through the direct regulation of gene transcription (21, 22) . Alternatively, since the heart rate in the thyroid hormone-treated heterotopic heart was significantly greater than that in control animals, a role of heart rate in the regulation of myosin isoenzyme distribution cannot be excluded.
The heterotopically transplanted heart is a denervated organ. Prior studies have suggested that the cardiac hypertrophic response to an increased workload occurs unaltered after denervation, alpha adrenergic, or beta adrenergic blockade (20, 23) . A report that alpha adrenergic activity mediated the development of cardiac hypertrophy did not exclude the possibility that the trophic stimulus was alterations in contraction per se (24) . However, in the present study it was impossible to exclude a permissive effect of cardiac innervation or adrenergic stimulation for the expression of thyroxine-induced muscle growth.
Although the present study suggests that the cardiac hypertrophic response to thyroid hormone is indirectly mediated, two potentially direct effects of T4 on the heart were observed. First, the heart rate of T4-treated hearts (in situ and heterotopic) were faster than the respective control rates. We have observed that propranolol treatment blocked this increase in the in situ heart rate (Klein, I., manuscript submitted for publication). This suggests that increased adrenergic stimulation or, alternatively, a T4-mediated increase in beta adrenergic receptor number may explain these findings (25) . Second, as noted above, it appears that excess T4 reestablishes the myosin isoenzyme distribution in the heterotopic heart to a 95% VI. Thus, while T4-mediated hemodynamic changes appear to alter the synthetic rate of cardiac myosin indirectly through changes in protein synthesis, T4 may qualitatively alter the transcription of the myosin message (21, 22) . Direct analysis ofthe content and species ofthe mRNA for myosin in the transplanted and in situ myocardium would confirm this possibility.
The data in the present study support an important role for altered cardiac work as a mediator ofthyroxine-induced cardiac hypertrophy. The current experiments do not resolve the question of whether thyroid hormone can directly alter cardiac contractility through any of a number of postulated mechanisms (3, 11, 26) . As with other forms ofwork-induced cardiac growth, the cellular mechanism responsible for linking these two pro-
cesses is yet to be established.
